Imaging sensor technologies such as charge coupled devices and complementary metal-oxide-semiconductor have made remarkable progress in recent years. Fast imaging systems based on these new technologies are now being routinely employed for advanced fusion diagnostics. Since two-dimensional imaging considerably improves the investigation of threedimensional structural physics, we have installed and operated the first highspeed two-dimensional coherence imaging camera system for the study of ion temperatures and flow velocities in the WEGA stellarator based on the Doppler broadening of 468.6 nm He II line emission. The coherence imaging camera was able to image the complete plasma poloidal cross-section over a toroidal region spanning 10˚. The camera was used for basic plasma studies, including electron cyclotron resonance heating (ECRH) power step experiments. The ion temperature of helium plasmas in WEGA is found to be 1.5-2.0 eV at maximum (26 kW) ECRH power. The plasma rotates in the E × B direction with speeds between 500 and 1000 m s −1 , increasing at higher ECRH power. It was confirmed that the flow direction reverses with the direction of the magnetic field. The observed ion temperatures and flows were cross checked against a multi-channel Echelle spectrometer and satisfactory agreement obtained.
Introduction
We have deployed a modulated coherence-imaging (MCI) spectrometer to measure quantities related to the low order spectral moments of line emission from optically thin radiant media such as plasmas [1, 2] . The MCI system is essentially an optical-path-length-modulated fixed delay Fourier transform spectrometer based on polarization interferometric principles and constructed using solid electro-optic and birefringent plates. The coherence-imaging camera described here mates and synchronizes the electro-optically step-modulated interferometer with a fast two-dimensional charge coupled device (CCD) camera. This allows the coherence (spectral) information contained in simple two-dimensional spectral scenes to be multiplexed in the time domain. For the case of an isolated Doppler broadened spectral line, sequential camera frames can be processed to recover images of the emission brightness, fringe phase (centre wavelength) and fringe visibility (spectral width). These images deliver projections of the plasma ion emissivity and flow and temperature fields. The MCI system and associated LabVIEW-based control, calibration and processing software package was purchased from the Australian National University.
Because there are no slits, interferometers can be adapted easily for two-dimensional imaging. They also have high light throughput and can thus obtain much higher time resolution than classical grating spectrometers having the same spectral resolution. Coherence imaging systems can also be used in other plasma spectroscopic diagnostic applications such as motional Stark effect, charge-exchange recombination spectroscopy and the Zeeman effect or for measurement of spectral line ratios [5] .
In this paper we present the first results using a coherence-imaging camera to study ion temperatures and flow velocities using the 468.6 nm He II line emission. The system can be used for Doppler studies of either low or high temperature plasmas by changing the interference spectral pre-filter and/or birefringent delay plate. It has been configured for proof-of-principle low temperature measurements carried out on the WEGA stellarator, including studies of ion temperature and flow dependence on electron cyclotron resonance heating (ECRH) power and magnetic field configuration.
The WEGA device, located at the Max-Planck Institute for Plasma Physics in Greifswald, Germany is an ECR heated classical stellarator that is used for educational training and the development of new diagnostics for W7-X [8] . There are 40 toroidal field coils and four helical packages (14 conductors in each package) configured with period l = 2 and m = 5 and mounted on the vacuum vessel which has a major radius of 0.72 m and a minor radius of 0.19 m. The stellarator can produce a steady state plasma for up to 30 min using a 6 kW and a 20 kW microwave magnetron at 2.45 GHz.
This paper is organized as follows. In section 2 we describe the two-dimensional coherence-imaging camera as constructed for the WEGA stellarator studies. Section 3 reviews the use of the camera for plasma Doppler spectral imaging. The experimental layout, including the control system, imaging arrangement and calibration procedure, is discussed in section 4. In section 5 we present the first experimental Doppler two-dimensional imaging spectroscopy results for the ECR heated helium plasmas in the WEGA stellarator. The results include a comparison with line-integrated measurements obtained using a high resolution echelle spectrometer. Section 6 summarizes this study.
The MCI spectrometer
For quasi-monochromatic illumination, the signal, S (interferogram), at the output ports of a two-beam interferometer is given by
where I 0 is the source brightness, ζ is the fringe contrast and φ is the phase delay of the interferometer. The MCI system monitors the temporal coherence of an isolated spectral line using polarization interferometric techniques. When the emission line is broadened, i.e. with increasing temperature, the fringe visibility decreases. To observe changes to the fringe visibility, it is necessary to modulate the optical path length (phase delay) in order to extract the fringe amplitude. This modulation is achieved electro-optically using a stepmodulation pattern that is synchronized with the camera frame rate. The coherence-imaging system installed on WEGA uses two y-cut lithium tantalate (LiTaO 3 ) crystals (10 mm thickness each) as the electro-optic modulator. Figure 1 illustrates the optical layout of the MCI set-up on WEGA. After the collimation lens, the unpolarized light is spectrally filtered. To improve the rejection of the strong emission (10 times brighter) from the nearby atomic transition light at 471.3 nm it has been necessary to cascade a pair of 1.0 nm bandwidth interference filters to obtain a measured full width at half maximum (FWHM) of 1 nm. To maximize the throughput at the He II n-n = 4-3 transition wavelength of 468.6 nm, the filter pair is tilted by 7.5˚about a vertical axis.
The spectrally filtered radiation traverses the first sheet polarizer that transmits the horizontally polarized component. The polarized light then traverses the crossed y-cut lithium tantalate electro-optic modulation plates. The optical axis (or z-axis) of the first modulator plate is oriented at 45˚to the plane of polarization. When the light passes through the crossed modulation plate it separates into two characteristic waves: extraordinary and ordinary waves, whose relative phase delay can be modified by a voltage applied in the z-direction of the plate. Because the plates are crossed, the natural (small) birefringent delay is cancelled. However, the modulation produced phase shift, φ m , is preserved by reversing the polarity of the voltage applied to the second plate.
High birefringence lithium niobate (LiNbO 3 ) plates are used to produce the fixed optical delay offset required to observe the degradation of the optical fringe contrast due to the Doppler line broadening. The use of a half wave plate between two identical crossed lithium niobate plates of thickness 7.5 mm compensates the normal birefringent plate hyperbolic fringe pattern and thereby allows us to operate the imaging system with a wide field of view (FOV) [3] . Figure 2 shows the interference patterns with and without field-widening. The interferograms are produced using a final sheet polarizer in front of a f = 105 mm C-mount zoom lens that is used as the final focusing optic for flexible imaging.
A PCO Sensicam QE monochrome digital camera was used to capture image sequences at high frame rates and with 12 bit dynamic range. The CCD camera has a quantum efficiency of 65% at 500 nm. The maximum resolution of the CCD camera is 1376 × 1024 pixels in the full frame mode, with an achievable maximum frame rate of 75.33 Hz in the 8 × 16 binning mode (164 × 64 pixels).
(a) Non-field-widened (b) Field-widened Figure 2 . Images of the uncompensated hyperbolic interference pattern (a) and the field-widened image with the optical arrangement described in the text (b). These images were taken using the CCD camera.
Doppler imaging spectroscopy
The He II n-n = 4-3 transition at 468.6 nm exhibits a complex fine structure. To properly interpret the contrast changes attending Doppler broadening, it is necessary to consider first the instrument response to a single quasi-monochromatic component of the emission line. For the purposes of this paper, it is sufficient to assume a homogeneous and isotropically radiating medium. Line of sight integration effects are considered elsewhere [5, 6] . For a shifted and broadened spectral line
where I 0 is the spectrally-integrated brightness, ν 0 is the nominal line centre frequency, g is the lineshape function and ν D and σ D are the shift and broadening, the MCI signal becomes [2]
where φ 0 is the phase delay offset between the orthogonally polarized ordinary and extraordinary characteristic waves produced by a birefringent crystal plate of thickness L and birefringence B(ν 0 ), i.e.
The flow-induced Doppler phase shift is given by φ D =φ 0 ξ D , where ξ D = (ν 0 − ν D )/ν 0 is the normalized Doppler frequency shift andφ 0 ≡ κφ 0 is the group phase delay with
accounting for the optical frequency dependence of the birefringence. For the He II line emission at 468.6 nm, the Sellmeier equations for the refractive index of lithium niobate give κ 1.6. The fringe contrast ζ D = G(σ Dφ0 ) is equal to the Fourier transform of the lineshape function, g. For a plasma in local thermal equilibrium with species temperature T S , the fringe contrast is expressed in terms of the temperature as
with
where T C is a 'characteristic temperature' set by the group delay,φ 0 , and V C is the corresponding 'characteristic velocity'. In terms of the characteristic velocity, the flow-induced phase shift gives the plasma flow velocity component along the line of sight,
The calculated multiplet structure for the Doppler and Zeeman broadened He II 468 nm emission line for a variety of conditions is shown in figure 3 [7] . It is a straightforward matter to compute the linear superposition of interferograms to determine the net fringe contrast envelope and interferogram phase. The results of these calculations are presented in figure 4 . For a simple isolated spectral line, the optimum choice for the optical delay corresponds to the condition T C = T S . For the measurements reported here, we used a partially fieldwidened combination of lithium niobate plates of thicknesses 20 and 15 mm to produce a group delay of 11 320 waves giving T C = 1.48 eV, suitable for temperature measurements near 1 eV (see figure 4(a)). For the data presented in this paper we have estimated the ion temperature from the measured contrast assuming a single Doppler broadened Gaussian lineshape (see equation (6)). Because of the additional spectral line components contributing to the broadening, this somewhat overestimates the ion temperature but is sufficient for our purposes here.
Because the Doppler lineshape is essentially characterized by only three quantitiesbrightness, shift and width-three independent frames are required for their recovery. The information is captured by acquiring quadrature and antiphase images about a constant phase delay offset using a step electro-optic phase modulation synchronized with the camera frame rate. The three-frame electro-optic modulation scheme targets quadrature interferogram phase offsets (φ m = −π/2, 0, π/2) explained in more detail in the appendix. Though it is assumed that the plasma is quasi-stationary over the time required to acquire the images, an iterative processing algorithm can accommodate slow changes. The demodulation algorithm is detailed in the appendix.
Experimental layout and procedures
In this section we introduce the MCI hardware and software systems and describe the setup on the WEGA stellarator. A schematic drawing of the system set-up is shown in figure 5 . The region enclosed by the dotted line at the bottom of figure 5 shows the MCI along with its calibration system. The other parts of the figure show the various power and control systems and the arrows indicate important data and control signal flow directions.
Control system
The LabVIEW-based camera software synchronizes the MCI electro-optics with the Sensicam QE fast framing camera. The synchronization and control of the MCI hardware is accomplished through a National Instruments PCI-MIO-16-E4 card. DAQ and camera configuration information, and acquired signals and images, are stored in a local or network MDSPlus database [4] . A suite of high level LabVIEW routines allow recursive transfer of complex LabVIEW data clusters which are designed to match corresponding structures in the MDSPlus hierarchical database. Image sequence acquisition is initiated either by an external trigger pulse or via software control. Following the trigger, the CCD camera acquires the images in sequential mode at a frame rate determined by the binning parameters and exposure time. The camera PCI card provides a trigger signal synchronous with the commencement of the CCD exposure. This pulse is used to clock out a predefined voltage waveform from the National Instruments PCI-MIO-16-E4 DAQ card which is amplified using a Trek 10.10B 1000× high-voltage amplifier and applied to the electro-optic modulator. The DAQ board also provides local data acquisition, while the host computer handles data processing and archival.
Imaging arrangement
The MCI optical layout is shown within the dotted region at the bottom of figure 5. A light-tight enclosure was constructed to house the MCI system and associated calibration optics (see figure 6 ). The beam splitter is used to couple both plasma and calibration light to the MCI system. It also relays part of the incident light to a one-dimensional fibre array (not shown). The fibre array introduces light to the entrance slit of a high resolution (dispersion = 1.11 × 10 −3 nm/pixel at 468.6 nm) echelle grating spectrometer which is about
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Calibration lamp and integrating sphere 15 m away from the enclosure. The echelle grating spectrometer has been used to benchmark from the MCI spectrometer. Additional lenses can be mounted in front of the MCI enclosure in order to adapt the imaging arrangement to suit the needs of the experiment. For the experiments described here, the lens module consists of a 75 mm camera lens combined with a concave lens with a focal length of −75 mm. The optical layout of the system and the resulting viewing volume are shown in figure 7 . Since the viewing angle is limited by the inner diameter of the viewing port, the full cross-section of the plasma at a rotational transform of ι − 0.2 is achieved only near the toroidal angle ϕ = 36˚as shown in figure 7 . Figure 8 shows a calibration test pattern and a view of the plasma discharge.
Calibration procedure
In practice it is necessary to account for instrumental phase shifts and contrast degradations that can vary across the image region. As discussed below, the relative instrumental brightness, η I , phase, φ I (within a constant offset), and contrast, ζ I , images are measured using a suitablydiffused calibration lamp emission line with a sufficiently small FWHM that is near the plasma emission line under study. For measurements of the He II plasma line, a zinc discharge lamp generates a narrow and well isolated Zn I emission line at 468.0 nm which can be used for calibrating the MCI instrument function. The lamp illuminates an integrating sphere which thereby provides a diffuse uniform light source. In order to avoid the electric power source modulation at 50/60 Hz, the spectral lamp uses a remotely controlled dc power supply. The ignition voltage of the Zn I spectral lamp (Osram Zn/10) is around 400 V dc, and the operation power after stabilization is about 17 W (17 V dc, 1 A).
To measure the instrument function, a linear voltage ramp is applied to the electro-optic modulator sufficient to sweep the interferogram through more than one fringe. Approximately 30 frames are acquired at equally spaced time intervals during the sweep. For each image point in the calibration time series, the software fits an offset sine wave from which can be recovered the average interferogram brightness, fringe contrast, fringe phase offset and total phase excursion. Typical calibration images are displayed in figure 9 . The relative brightness image depends on the radiation wavelength and the range of ray angles through the interference filter. The strong distortion of the relative brightness calibration image is due to a tilt of the interference pre-filter required to optimize transmission at 468.6 nm. Because the calibrating line is at 468.1 nm, there is a mismatch between the light transmission efficiencies for the plasma and calibration light sources. To properly measure the brightness
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Fringe phase (radians) Relative modulation depth Figure 9 . Typical calibration images for the MCI camera. These images are used for unfolding the plasma ion brightness and Doppler produced phase shift and contrast images.
sensitivity it is therefore necessary to use an appropriately diffused narrowband light source having the same wavelength as the plasma emission line. In principle, the diffuse plasma emission itself could serve this purpose. However, this was not done for the measurements reported here, so that only temperature and flow images are presented. Apart from a phase offset, the instrument contrast and phase images are only very weakly wavelength dependent. Depending on the combination of delay plate crystals, the instrument contrast falls typically in the range 0.7 ± 0.1, while the instrument phase can vary significantly across the image. The observed contrast and phase variations are attributable to imperfections in the crystal plates. The phase drive, which is proportional to the electro-optic drive voltage amplitude, can vary across the image by as much as 15%. Care has been taken to ensure that fringing fields from the lithium tantalate modulator do not affect the birefringence of the lithium niobate delay plates which are also electro-optic. The spatial variation may be attributable to space charge effects in the region of the modulator plate electrodes. Both the instrument phase and phase drive are appropriately scaled to account for the small wavelength difference between calibration and plasma light sources. Apart from the relative brightness, the instrumental effects are then removed during the image data reduction.
Results
This section presents coherence-imaging results for ECR heated helium plasmas in the WEGA stellarator. The MCI system was used to study the dependence of ion temperature and flow on major machine control parameters such as ECRH power and magnetic field configuration. The experiments produced profiles of the ion temperature and flow velocity on WEGA during ECRH power ramp experiments at fixed magnetic field strength.
For the power step experiments, the plasma was initiated by a 6 kW magnetron and additionally heated in steps from 10 to 26 kW by a second 20 kW magnetron. The plasma pulse length was 42 s and the image exposure time was 100 ms. The rotational transform was ι = 0.56 and the neutral gas fill pressure was 0.035 Pa. All the other control parameters were kept constant during the discharges. Figure 10 shows a typical result for the power ramp experiments in WEGA. The ion temperature at the plasma centre reaches about 1.5 eV at full ECRH power, rising from an initial value of around 1 eV (6 kW only). The temporal T i profile closely matches that of the electron density as measured by an interferometer (peak density is about 2 × 10 18 m −3 ). The second magnetron raises the ion temperature at the plasma centre by about 0.5 eV presumably through collisions with electrons. However, note that the electron temperature measured at the centre of the plasma using a reciprocating Langmuir probe is T e = 5-7 eV and shows no significant increase at the higher ECRH power (not shown). This suggests that the confined ion energy increases with power input and that the observed He II intensity increase is due to the higher electron and He II ion densities, in approximately equal measure.
For the relatively low electron temperatures in WEGA, the He II emission intensity is weak. Even with 100 ms integration times and full image binning (resulting image size 160 × 64), the number of photoelectrons per pixel is small ( 100). This implies that shot noise is significant and that the ability to resolve small temperature and flow speed changes is correspondingly limited. To help improve the noise statistics, the flow and temperature images presented in figure 11 have been averaged over a 7×5 pixel region. Temporal averaging can also be applied to the intensity and intensity-weighted coherence prior to extraction of flow and temperature. Only regions having brightness greater than 20 photoelectrons are processed, while imaging distortions have not been corrected. We observe that the ion temperature profile is higher in the plasma edge regions and that the flow reverses about the plasma horizontal midline. Because these are images of projections of intensity-weighted quantities, tomographic unfolding is required to recover true flow and temperature profiles. For simplicity, temperatures have been calculated from the observed contrast decrement assuming a simple Gaussian lineshape. Residual coherence distortions, especially at larger toroidal angles away from the port midline, may be due to the already noted 7.5˚inclination of the interference pre-filter necessary for optimizing the spectral purity of the received radiation. Spectral contamination from the strong He I emission line at 471.3 nm will be greater (up to 20%) at larger incidence angles (>5˚), and may affect the interpretation of the phase and contrast changes. Figures 12 and 13 show the line of sight averaged He II brightness and ion temperature profiles, respectively, for power ramp discharge 10657 as a function of time at the three different toroidal angles (30˚, 36˚and 42˚). The striations in the brightness image are caused by the protective microwave grid (figure 8). As expected, these striations are not apparent in the coherence (contrast and phase) images, confirming that the unfolding procedure has good condition. Figure 12 shows the He II brightness to be strongly correlated with the ECRH power (see also figure 10). For example, when the net ECRH power is increased by 400% in the interval of 12-32 s, the light intensity also increases by 400% (figure 12), while the ion temperature (figure 13) rises by about only 50% over the same interval.
Notwithstanding the fact that the intensity images have not been corrected for image distortion or adjusted for relative sensitivity, figure 12 confirms that the width of the raw intensity profile corresponds to the location of the last closed flux surface (LCFS) as derived Since the ion Lamor radius is small compared with the plasma radius, the observed flow velocity is a macroscopic drift. The diamagnetic drift has the same direction for the ion, but only the E × B drift is illustrated in this figure. from vacuum magnetic field calculations. The LCFS projection at ϕ = 30˚, 36˚and 42˚has diameters around 8.5, 11.6 and 12.5 cm, respectively. At higher ECRH power, we observe that the ion temperature mainly increases in the vicinity of the LCFS. The ion temperature profile becomes broader and flatter as the power is increased. This suggests that the second 20 kW magnetron mainly heats the edge region of the plasma. We have also measured the poloidal flow velocity at 36˚during the power ramp-up discharge as shown in figure 14. The poloidal flow velocity is observed to be in the range ±500-1000 m s −1 and increases at higher ECRH power. To verify that the observed velocity is produced by the plasma, the toroidal magnetic field direction was reversed. Figure 15(a) illustrates the E × B drift for the standard magnetic field configuration, where the flow velocity is negative at the top of the plasma and positive at the bottom. Since the velocity is observed from the right-hand side of the plasma, the direction of the observed drift motion coincides with the direction of the E × B flow velocity. Figure 15(b) illustrates the direction of the E × B drift when the toroidal magnetic field is reversed. In this case the elliptical shape of the magnetic flux surfaces are mirrored about the vertical axis and the polarity of the velocity at the top and bottom is reversed due to the opposite direction of the toroidal magnetic field. For a magnetic field strength of approximately 0.05 T, and assuming the flow speed is comparable with E/B, the inferred maximum electric field strength of 50 V m −1 is consistent with the measured radial electric field using the fast reciprocating Langmuir probe. Figure 16 shows measurements taken with the MCI spectrometer for a discharge with reversed toroidal magnetic field. The first four graphs are typical time traces for a discharge in this reversed field configuration. The remaining graphs show the poloidal profiles of the He II intensity, ion temperature and poloidal flow velocities at 20, 28 and 33 s. Since the shape of the magnetic flux surface is mirrored and the shape of the plasma has slightly changed, the intensity and temperature profiles are a little different, but the magnitudes are more or less the same. The most significant result is the reversal (cf figure 14) of the poloidal flow profiles shown in the bottom three graphs of figure 16.
For comparison with figure 11 we present images of the ion flow and temperature for the reversed-field case in figure 17. Note the reversal of the flow field and the persistence of edge elevated temperatures. The flow and temperature magnitudes are comparable, while the spatial nature of the edge features seems to exhibit a mirror symmetry about the vertical midline (ϕ-36˚) compared with the standard magnetic field direction case.
Comparison with echelle spectrometer
The measured ion temperature and flow velocity have been cross checked against the results obtained from the echelle grating spectrometer. The echelle provides information along a single poloidal cross-section at toroidal angle ϕ = 36˚. Because of the lower light throughput, the integration time of 2 s precludes time-resolution of the power step. Figure 18 shows a typical measured spectral feature and its Doppler best fit based on known component wavelength positions of the 13 individual n-n = 4-3 transitions and their relative intensities (the level populations could be assumed to be populated according to their statistical weights [9] ). The contribution of the Zeeman splitting of the individual lines to the line broadening was neglected since the effect is fairly small as seen in the simulations in figure 3(b) . The ion temperatures and flows are obtained by fitting the profiles using the KS4FIT code originally developed at the Joint European Torus. The best fit ion temperature from the echelle grating spectrometer is 1.5-2.0 eV at the plasma centre while the estimated edge flow speed is ±1000 m s −1 . Histories of the ion brightness and temperature profiles determined by fitting the echelle spectra are shown in figure 19 . The ion temperature profile appears to be edge-peaked, in full agreement with the MCI results. As seen in figure 20, the ion flow speed profiles are also consistent, reversing with the change in field direction.
Summary
This article has described a MCI spectrometer installed on the WEGA stellarator. The instrument performance was demonstrated by ramping up the ECRH power and reversing the toroidal magnetic field direction. The ion temperature of helium plasmas in WEGA is found to be near 1.5-2.0 eV at maximum (25 kW) ECRH power. The He II emission intensity profile is proportional to the heating power but the ion temperature mainly increases at the outer region of the LCFS at higher ECRH power. The ion temperature profile becomes broader and flatter as the power is increased. The plasma exhibits approximately rigid body poloidal flow in the E × B direction with maximum drift speed around 500-1000 m s −1 , increasing with ECRH power. The measured ion temperature and flow velocity were cross checked using an echelle grating spectrometer. In conclusion, the MCI spectrometer has been successfully demonstrated on WEGA, and its measurements are reliable.
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Appendix: demodulation algorithm
For any given frame, the measured signal, S, in any given image pixel is given by
where φ m is the phase modulation produced by the lithium tantalate modulator plates, ζ I is the instrument contrast and φ I is the instrument phase. The modulation phase, φ m for the three frames is calculated based on the applied voltage and using the phase-drive calibration image. The light intensity, I 0 , contrast, ζ and phase, φ 0 , are the unknown parameters to be recovered by the demodulation algorithm. Prior to demodulation the constant 'dark' background image is estimated from an average of 20 pre-shot frames and subtracted from the image sequence. 
where α ≡ ζ I cos(φ I + φ m ), β ≡ ζ I sin(φ I + φ m ), ζ c ≡ ζ cos φ 0 and ζ s ≡ ζ sin φ 0 . The nth image in the three-frame sequence can then be written as
where the unknown parameters I 0 , ζ c and ζ s are assumed constant over the three-frame period.
To solve for these parameters we form
and 
The three desired parameters are then given by 
Figure 21 shows schematically the demodulation sequence. The first three frames M 1 -{S 0 , S 1 , S 2 } acquired at times (t 0 , t 1 , t 2 ) are used to estimate the plasma parameters at time t 1 , the next three frames M 2 for t 2 and so on. The emitting species temperature can then be recovered from the extracted contrast image using the modelling results discussed in section 3.
When the plasma changes slowly over a modulation sequence, an improved estimate of the contrast and phase can be obtained by substituting the recovered intensity sequence, I
(n) 0 (now varying with index n), in the equation for S n to obtain an improved estimate of the coherence parameters (ζ c , ζ s ).
